Thermus thermophilus is an aerobic, extremely thermophilic eubacterium that grows optimally at 70-759 C. Phylogenetically there is a close relationship between T. thermophilus and Deinococcus radiodurans, an extraordinary radiation-resistant bacterium. In contrast to the D. radiodurans, DNA repair and mutagenesis in T. thermophilus have not been investigated intensively. DNA repair and related mutagenesis at high temperature are particularly interesting because the frequency of DNA damage, such as deamination, depurination, and single strand breaks, is expected to be greatly increased. We disrupted the uvrA gene for subunit A of excinuclease ABC and uvdE gene for probable UV endonuclease by inserting the thermostable kanamycin-resistant gene (HTK) or orotate phosphoribosyltransferase (pyrE) gene. A uvrA mutant showed moderate sensitivity to UV-irradiation, while a uvdE mutant was not UV sensitive. A uvdE uvrA double mutant was highly sensitive to UV-irradiation compared with a uvrA mutant, indicating that UV endonuclease, a uvdE gene product, plays an important role in repair of UVinduced DNA damages. On the other hand, no obvious UV-induced mutations were observed when it was assayed by His ＋ reversion. It has been reported that T. thermophilus HB27 does not have an SOS response system, because no genes homologous to umuD, umuC, and lexA were found. In the absence of error-prone translesion DNA polymerases in T. thermophilus, mutations would not occur at the site of pyrimidine dimers
Introduction
Thermus thermophilus, isolated from a Japanese thermal spa, is an extremely thermophilic eubacterium that grows at 509 C to 859 C (1). It is a nonsporulating, gram-negative, aerobic, obligate heterotroph that grows optimally at 70-759 C and pH7.5. Because of the rapid growth rate of T. thermophilus and the ease of purifying its proteins, its thermostable enzymes have been extensively studied in vitro, including in a structural genomics project (2) . The genome of the type strain HB27 has been sequenced (3) and consists of about 2200 putative genes divided between a 1.89 Mbp chromosome and a 0.23 Mbp megaplasmid (pTT27).
T. thermophilus shows natural transformation competence throughout its growth phase with an e‹ciency on the order of 10 4 transformants /mg DNA (4) . An HB27 host-vector system was developed using the cryptic plasmid pTT8 (5) . Although there is a chemically deˆned medium for HB27, genetic studies have been limited until recently because antibiotic resistance genes from mesophilic bacteria do not function at over 709 C and no antibiotic resistance plasmids have been found in Thermus spp. Therefore, only a selection system with auxothrophic host strains and plasmids encoding corresponding genes had been available. Hoseki et al. (6) developed a thermostable kanamycin-resistant (HTK) gene from Staphylococcus aureus kanamycin nucleotidyltransferase by directed evolution. Since HTK is functional up to 809 C, it provides a tool for gene disruption in T. thermophilus (7).
Our major interest is DNA repair systems that function in extremely high temperature environments and the mechanisms of mutagenesis in T. thermophilus, because we would expect DNA damage such as deamination, depurination, depyrimidination, and single strand breaks to occur at a much higher frequency in thermophiles than in mesophiles. Furthermore, it has been known that T. thermophilus is a phylogenetically close genus to Deinococcus radiodurans, an extremely radiation resistant bacterium (8, 9) . In contrast to the D. radiodurans, process of DNA repair and mutagenesis in T. thermophilus cells has not been investigated intensively. In this study, we disrupted uvrA gene for excinuclease ABC subunit A and uvdE gene (TTP0052) for probable UV endonuclease of T. thermophilus and investigated their UV sensitivity and mutagenesis. We 
Materials and Methods
Bacterial strain, culture media, and chemicals: Table 1 shows the strains of T. thermophilus used in this study. Bacteria were cultured in PY medium (0.8z polypeptone, 0.4z Difco yeast extract, 0.2z NaCl, 0.35 mM CaCl 2 , and 0.4 mM MgCl 2 ) at 709 C with shaking. MSG medium (pH 7.5) consisted of 2z sucrose, 2z sodium glutamate, 0.05z K2HPO4, 0.025z KH2PO4, 0.2z NaCl, 0.05z (NH4)2SO4, 0.6 mM CaCl2, 0.17 mM MgCl2, 1.2 mg/mL Na2MoO4･ 2H 2 O, 0.5 mg/mL MnCl 2 ･4H 2 O, 0.1 mg/mL VOSO 4 ･ nH2O, 0.06 mg/mL ZnSO4･7H2O, 0.8 mg/mL CoCl2･ 6H2O, 0.02 mg/mL NiCl2･6H2O, 6.7 mg/ml FeSO4･ 7H2O, 0.1 mg/mL biotin, and 1 mg/mL thiamine. Medium was solidiˆed with 1.5z agar. TTH top agar for His ＋ reverse mutation assay contained 0.6z agar and 10 mg/mL of L-histidine. 5-Fluoroorotic acid (FOA), kanamycin sulfate, and ampicillin sodium were obtained from Wako Pure Chemical Industry (Tokyo). N-ethyl-N?-nitro-N-nitrosoguanidine (ENNG) and N-methyl-N?-nitro-N-nitrosoguanidine (MNNG) were from Sigma-Aldrich Co. (MO, USA).
Isolation and characterization of His auxotroph mutants: An overnight culture of HB27 in PY medium was treated with MNNG at 100 mg/mL at 379 C for 30 min and then cultured at 709 C for 2 h for mutationˆxation. The treated cells were plated on PY plates after appropriate dilution. Plates were wrapped in PVC wrappingˆlm and incubated overnight at 709 C for colony formation. Colonies were replica plated on MSG plates with and without 100 mg/mL His. After 2 days incubation, His auxotroph mutants were isolated. We characterized mutation allele in one of the mutants, WH11, and identiˆed that codon Gly-174 (GGG) in hisD gene (TTC0370) for histidinol dehydrogenase was mutated to Glu (GAG).
Gene disruption by insertion of HTK or pyrE gene cassette: Plasmid pUC18-pJHK3 carrying HTK gene (6) was provided by Prof. S. Kuramitsu (Osaka Univ., Japan). Plasmid p3TSDN2 carrying a T. thermophilus orotate phosphoribosyltransferase (pyrE) gene, and pKN605 carrying TTC1379-TTC1381 genes with the pyrE gene (TTC1380) deleted (10) were gifts of Dr. M. Tamakoshi (Tokyo Univ. of Pharmacy and Life Science, Japan). An HTK gene cassette including the promoter region (1.0 Kbp) was ampliˆed by PCR from pUC18-pJHK3 using primers having a SacI (or AccIII) site. A fragment of the pyrE gene cassette (0.6 Kbp) was prepared from p3TSDN2 by digestion with EcoRI. DNA repair genes, uvrA (TTC1075) and uvdE (TTP0052), were ampliˆed by PCR from HB27 genomic DNA and subcloned into the plasmid pCR4-TOPO. Then the MunI restriction site was incorporated in the middle of uvrA (or uvdE) gene by PCR for the insertion of the pyrE gene cassette. The HTK gene cassette was inserted into the SacI site in the middle of the uvdE gene or the AccIII site in the uvrA gene (Fig. 1) . Transformation of E. coli XL1-Blue with the ligated plasmid yielded pHTK1075 (uvrA::HTK), pHTK52 (uvdE::HTK), pURA1075 (uvrA::pyrE), and pURA52 (uvdE::pyrE).
Transformation: Plasmids (pHTK1075, pHTK52, pURA1075, and pURA52) linearized by NcoI or SpeI digestion were used for transformation of the T. thermophilus strains. A logarithmic growing cell culture (0.5 mL) in PY medium at 709 C (approx. 1×10 8 cells/mL) was mixed with 25-50 mL of the linearized plasmid DNA solution and cultured for 2 h at 709 C with gentle shaking to allow homologous recombination. A portion of the culture was spread on PY plates containing 500 mg/mL of kanamycin for the selection of transformants containing the HTK gene. For the selection of pyrE ＋ (Ura ＋ ) and DpyrE (Ura -, FOA r ) transformants, cells were washed with Na-phosphate buŠer by centrifugation and spread on MSG plate supplemented, respectively, with 100 mg/mL His or 100 mg/mL His, 50 mg/mL uracil, and 500 mg/mL FOA. Plates were incubated at 709 C for 1-3 days. A band of expected size ampliˆed by PCR was detected in each Km r and Ura ＋ clone. UV survival: WH11, MS255 (uvrA), MS352 (uvdE), and MS36D (uvdE uvrA) were cultured in PY medium at 709 C. After 10 -5 -10 -6 dilution, 0.1-mL aliquot was spread onto triplicate PY plates. UV was 2 /sec, UVX Radiometer with UVX-25, UVP, Upland, CA, USA) with a germicidal lamp (GL-15, National Co., Osaka, Japan). Plates were incubated for 2 days at 709 C and the number of survival colonies was counted.
His ＋ reversion assay: Since ENNG is unstable at 709 C and Thermus cells do not grow below 509 C, mutagen-treatment was conducted by the following method. Bacterial cells at late log phase in PY medium at 709 C were used. Bacterial culture (0.1 mL) and 0.01-0.1 mL of 0.5 mg/mL ENNG solution were added to 0.5 mL of 100 mM Na-phosphate buŠer (pH7.4) and treated at 379 C for 30 min. On the other hand, UVirradiation was performed on cell suspension in Petri dish at 20-80 J/m 2 . The treated cells were poured onto duplicate MSG agar plates with 2 mL of molten TTH top agar and incubated at 709 C for mutationˆxation and revertant colony formation. His ＋ revertant colonies were counted following 3 days incubation at 709 C.
Results
Two kinds of repair genes for UV-damages encoding excinuclease ABC subunit A (uvrA) and probable UV endonuclease (uvdE) were disrupted by the insertion of HTK or pyrE. Fig. 2 shows UV survival curves of the constructed mutant strains. There was no diŠerence in UV sensitivity between MS352 (uvdE) and the parental strain WH11. Disruption of uvrA gene slightly sensitized to UV-irradiation compared with WH11. About 18z survival was observed at 60 J/m 2 in MS255 (uvrA), while that in WH11 was 50z. Other disrupt mutants such as MS21 (uvrA::HTK) and MS31 (uvdE::HTK) showed similar UV sensitivity as MS255 (uvrA::pyrE) and MS352 (uvdE::pyrE), respectively (data not shown). On the other hand, MS36D (uvdE uvrA) was highly sensitive to UV-irradiation and survival was decreased to 0.2z at 50 J/m 2 . The enhanced sensitivity was observed at every UV dose examined. Thisˆnding indicates that a uvdE gene product actually functions in cells and plays an important role in repair of UVinduced DNA damages in T. thermophilus, especially in a nucleotide excision repair-deˆcient background. We then investigated UV mutagenesis in these mutant strains. For this purpose weˆrst checked whether hisD174 allele was appropriate for measurement of induced mutation. Fig. 3 shows dose-response increase of His ＋ revertants induced by ENNG-treatment in WH11 and MS21 (uvrA). The result indicated that mutation induction could be quantitatively detected by the His ＋ reversion assay. We also sequenced hisD174 allele of 40 spontaneous His ＋ revertants of WH11 and 10 revertants induced by ENNG. All the 50 His ＋ revertants restored GGG (Gly) codon from GAG (Glu) in WH11 and no other base-substitutions such as GCG (Ala), GTG (Val), and AAG (Lys) were found. Therefore, induction of A:TªG:C transition mutations could be speciˆcally detected at the target site GAG. Since the opposite strand of the target codon is CTC, it contains possible sequence necessary for 5?-T-C pyrimidine dimer or T-C (6-4) photoproduct formation. We therefore tested the UV-induced mutagenesis by the His ＋ reversions. As shown in Table 2 , no obvious increase in the number of revertants was detected in MS255 (uvrA) and MS36D (uvdE uvrA). Both the strains responded to a positive control ENNG as expected levels. Although we have not determined the mutation frequencies of UV-irradiated cells with a method by measuring survival fraction, UV mutagenesis seems not to occur apparently in this bacteria.
Discussion
Unlike the uvrA strain showing extremely UV sensitivity of E. coli (11) , the uvrA strain of T. thermophilus exhibited weak UV sensitivity compared with the levels of the parental strain. At 60 J/m 2 , the relative survival rates of the WH11 and MS255 (uvrA) strains were 50z and 18z, respectively (Fig. 2) . Therefore, other e‹cient systems may repair UV-induced DNA damages in a uvrA background. We showed here that a UV endonuclease (TTP0052) encoded on megaplasmid pTT27 of T. thermophilus HB27 (3) functioned to repair DNA damages by UV. The homologous gene of UV endonuclease does not exist in E. coli. On the other hand, UV endonuclease gene designated uvsE is reported in D. radiodurans, a phylogenetically close genus. The uvdE gene product of T. thermophilus has 31.6z amino acid sequence identity with the uvsE gene product of D. radiodurans, whereas uvrA gene product of T. thermophilus shares with that of D. radiodurans 68.7z sequence identity. It was reported that D. radiodurans uvrA strains showed nearly wild-type levels of resistance to UV light (12, 13) , and a uvrA uvsE double mutant showed high sensitivity to UV-irradiation (14, 15) . His ＋ reverse mutations in the hisD174 allele were e‹ciently induced by ENNG, but not by UV-irradiation. Preferential induction of A:TªG:C transitions by ENNG was consistent with our previous study on mutational spectrum in E. coli and Salmonella typhimurium (16, 17) . ENNG-induced mutations are caused by mismatch paring of O 6 -ethylguainine with thymine and O 4 -ethylthymine with guanine during DNA replication. On the other hand, mutations caused by UV in E. coli and many other bacteria are a result of translesion replication by DNA polymerase V (umuD, umuC gene products) or its homologue polymerases, the so-called error-prone SOS response (18) (19) (20) . From the genome sequence published by Henne et al. (3), T. thermophilus HB27 seems not to have an SOS response system because no genes homologous to umuD, umuC, and lexA were found. In the absence of error-prone translesion DNA polymerases in T. thermophilus, mutations would not occur at the site of pyrimidine dimers.
T. thermophilus HB27 has two uracil-DNA glycosylases, termed TTUDGA (TTC0366, udgA) and TTUDGB (TTC0784, udgB), and both excise uracil residues from U:G mispairs in double-stranded DNA (21) . These enzymes may be necessary for T. thermophilus to counteract the genetic treat of hydrolytic deamination of DNA cytosine residues. T. thermophilus has also two mutS genes (TTC0960 and TTC1282) for DNA mismatch repair (3). However, their biochemical functions and diŠerences have not been analyzed. In vivo genetic studies would provide insights into unique DNA repair systems of extreme themophilic microorganisms.
